Several inflammatory cytokines regulate ovarian function. TNF-␣ is produced in granulosa cells under physiological conditions and has a reciprocal action on follicle development. In contrast, in pelvic inflammatory diseases, TNF-␣ is excessively produced in the pelvic cavity and has an adverse effect on reproductive functions. The objective of this study was to elucidate the mechanism of action of TNF-␣ on the expression of LH receptor (LHR) in immature rat granulosa cells. TNF-␣ suppressed FSH-induced LHR mRNA and protein expression and was not associated with cAMP accumulation. By using a luciferase assay, the construct containing base pairs Ϫ1389 to Ϫ1 of the rat Lhcgr promoter revealed that TNF-␣ decreased FSH-induced promoter activity. In response to TNF-␣, nuclear factor (NF)-B p65 was translocated to the nucleus, and the suppressive effect of TNF-␣ on LHR mRNA expression was abrogated by an NF-B inhibitor. In a chromatin immunoprecipitation assay, TNF-␣ induced the association of NF-B p65 with the rat Lhcgr transcriptional promoter region. NF-B p65 and histone deacetylase (HDAC) interact to mediate expression of several genes at a transcriptional level. HDAC activity is thought to induce tight connections within local chromatin structures and repress gene transcription. Furthermore, the TNF-␣-induced suppression of LHR mRNA expression was blocked by an HDAC inhibitor. Taken together, these results suggest that the interaction of NF-B p65 with HDAC in the promoter region of rat Lhcgr might be responsible for TNF-␣ action on the regulation of LHR. (Endocrinology 156: 3192-3202, 2015) 
T NF-␣, a 17-kDa homotrimeric soluble protein, is an inflammatory cytokine that is identified as a factor induced by the hemorrhagic necrosis of tumors and is primarily produced by activated macrophages, monocytes, and lymphocytes (1, 2) . The effects of TNF-␣, including cell proliferation, apoptosis, and antiapoptosis, are exerted through binding to its cell surface receptors, and TNF-␣ activates the inhibitor of nuclear factor-B (IB) kinases, resulting in phosphorylation and degradation of IB␣ and translocation of the nuclear factor-B (NF-B) dimer to the nucleus. NF-B belongs to the Rel family of transcription factors, which includes RelA (p65), RelB, c-Rel, NF-B1 (p50/p105), and NF-B2 (p52/p100) (3, 4) .
Intranuclear NF-B regulates the expression of various genes by binding directly to the DNA binding domain or by modifications of a variety of other transcription factors. In particular, the p50 and p65 subunits, which contain a potent transcription regulator function, have been most widely studied (5) (6) (7) (8) (9) .
The pituitary gonadotropins are essential hormones for follicular growth, acting through stimulatory G proteincoupled receptors. The LH receptor (LHR) is a G proteincoupled receptor considered necessary for reproductive function, including steroidogenesis and ovarian folliculogenesis. LHR expression is a major marker of FSH-induced granulosa cell (GC) differentiation. FSH acts through the FSH receptor and induces LHR expression primarily through adenylyl cyclase activation and cAMP production (10) . Chen et al (11) reported that the 5Ј-flanking region of the rat Lhcgr promoter contained specificity protein 1 (Sp1), steroidogenic factor 1 (SF1), and activating protein 2 binding sites, and they also reported that Sp1 is essential for the Lhcgr gene transcriptional activity induced by 8-bromo-cAMP (8-Br-cAMP). Law et al (12) indicated that the expression of FSH-induced LHR is promoted by phosphorylation of forkhead box O1 via phosphatidylinositol 3-kinase/Akt and by phosphorylation of ␤-catenin through the protein kinase A pathway. In GCs, it has been reported that FSH activates several signaling pathways including cAMP response element-binding protein (CREB), phosphatidylinositol 3-kinase/Akt, and ERK1/2 (13, 14) . However, the pathways downstream of FSH leading to the activation of LHR expression have not been fully elucidated. In addition, many local factors including cytokines and hormones are probably involved in the modulation of LHR expression (14 -16) .
TNF-␣ has been confirmed to be present in the ovaries of a variety of species, including human GCs (17, 18) and corpora lutea (18) and rat GCs (19) . It has been reported that TNF-␣ levels were lower in the sera of patients with premature ovarian failure than in women with normal menstrual cycles (20) . Compared with wild-type mice, TNF type 1 receptor knockout mice have been shown to exhibit earlier vaginal opening and human chorionic gonadotropin (hCG)-induced ovulation even in the prepubertal period (21) , indicating that TNF type 1 receptors might prevent the ovarian response to gonadotropins to avoid early senescence; therefore, TNF-␣ might have a protective effect on ovarian aging. In an in vitro study, high concentrations of TNF-␣ inhibited gonadotropinstimulated estrogen production (22) (23) (24) , whereas TNF-␣ differentially affects steroidogenesis, depending on the follicular phase (25) . Furthermore, TNF-␣ drastically reduces FSH-induced LHR expression at a post-cAMP site (26) , but the molecular mechanisms of this effect have not been clarified.
From a pathophysiological perspective, it has been reported that TNF-␣ concentrations in the peritoneal fluid and follicular fluid were elevated in patients with endometriosis (27, 28) , and TNF-␣ was also elevated in GC cultures derived from patients with endometriosis (29) . Patients with endometriosis are often infertile, but details of the causal relationship between endometriosis-related infertility and high TNF-␣ concentrations are not yet known (28 -31) .
In the present study, we examined the effect of TNF-␣ on FSH-induced LHR mRNA and protein expression levels and mechanisms of regulation in rat primary GCs. We found that the inhibitory effect of TNF-␣ on FSH-induced LHR expression was attributable to the transport of p65 to the nucleus. Furthermore, intracellular p65 may interact with histone deacetylase (HDAC) to repress the Lhcgr promoter.
Materials and Methods

Hormones and reagents
Recombinant human FSH was supplied by Dr A. Parlow and the National Hormone and Pituitary Program (National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health [NIH]). DMEM/Ham's nutrient mixture F-12, diethylstilbestrol (DES), and 8-Br-cAMP were purchased from Sigma-Aldrich, Inc. TNF-␣ was purchased from R&D Systems, Inc. SN50, a cell-permeable NF-B-inhibitory peptide, was purchased from Enzo Life Sciences, Inc. Trichostatin A (TSA) was purchased from Sigma-Aldrich. Gentamicin sulfate and Fungizone were purchased from Invitrogen Corp. The RNA labeling kit and nucleic acid detection kit were purchased from Roche Diagnostics.
Animals
Immature female Wistar rats (Japan SLC, Inc.) were maintained at all times according to the NIH Guide for the Care and Use of Laboratory Animals and the policies of the Gunma University Animal Care and Use Committee. Animals were housed in a temperature-and light-controlled room (12-hour light/12-hour dark cycle; lights on at 6:00 AM) with food and water provided ad libitum.
GC culture
GCs were obtained from immature female Wistar rats injected daily for 4 days with 2 mg of DES in 0.2 mL of sesame oil. The ovaries were then excised, and the GCs were released by puncturing the follicles with 26-gauge needles. GCs were washed and collected by brief centrifugation, and cell viability was determined by trypan blue exclusion. The GCs were then cultured in DMEM/Ham's nutrient mixture F-12 supplemented with 20 mg/L gentamicin sulfate, 500 g/L Fungizone, and 1 g/L bovine serum albumin on collagen-coated plates in a humidified atmosphere under 5% CO 2 at 37°C.
RNA isolation and Northern blot analysis
GCs were cultured in 60-mm dishes containing 5 ϫ 10 6 viable cells in 5 mL of medium. Twenty-four hours later, GCs were incubated with or without inhibitors for 1 hour at 37°C and then stimulated with each reagent. GCs were further incubated, and the cultures were stopped at selected times using Isogen (Nippon Gene). The final RNA pellet was dissolved in diethylpyrocarbonate-treated H 2 O. Total RNA was quantified by measuring the absorbance of samples at 260 nm. For the Northern blot analysis, 15 g of total RNA from each dish was separated by electrophoresis on denaturing agarose gels and subsequently transferred to a nylon membrane (Biodyne; Pall Corp). Rat LHR cDNA was prepared as described previously and linearized with BglII (32). Digoxigenin-labeled LHR cRNA probes corresponding to bases 440 to 2560 were produced by in vitro transcription with T3 RNA polymerase and an RNA labeling kit (Roche Diagnostics). A digoxigenin-labeled GAPDH probe was obtained by the same method. In accordance with the standard protocol for the nucleic acid detection kit (Roche Diagnostics), the membranes were then exposed on Kodak XAR film (Eastman Kodak Co).
Reverse transcription and quantitative RT-PCR
Isolated RNAs (2 g of each sample) from the GC cultures were treated with DNase I (Invitrogen) to eliminate residual genomic DNA. These RNAs were reverse transcribed with random primers, 10 mM deoxynucleoside triphosphate mix, and SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. The reactions were incubated for 5 minutes at 25°C, 60 minutes at 50°C, and 15 minutes at 70°C in a thermal cycler. To remove cRNA, ribonuclease H was added to the cDNAs and incubated for 20 minutes at 37°C. The quantitative RT-PCR was performed according to the manufacturer's instructions using EagleTaq Universal Master Mix with ROX (Roche Diagnostics) and an ABI Prism 7000 sequence detection system (Applied Biosystems). The quantitative PCR conditions were initial denaturation at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The primers and probes for each gene were purchased from Applied Biosystems (LH/choriogonadotropin receptor Rn00564309_m1 and eukaryotic 18S rRNA Hs99999901_s1 as an internal control). Relative quantifications of mRNA species were performed using the comparative threshold cycle (C T ) method. For each sample, we normalized the gene C T value using the formula ⌬C T ϭ C T gene Ϫ C T 18S. For relative expression levels, the following formula was used: ⌬⌬C T ϭ ⌬C T sample Ϫ ⌬C T calibrator. This value was then used to plot gene expression with the formula 2 Ϫ⌬⌬C T .
Receptor binding assay
GCs were cultured in 24-well plates containing 5 ϫ 10 5 viable cells in 0.5 mL of medium. After 24 hours of incubation, reagents were added to the medium for 72 hours. Thereafter, the cells were placed on ice and quickly washed 3 times with 0.4 mL of cold medium. The GCs were then incubated in a 1:1 (vol/vol) mixture of DMEM/Ham's F-12 medium containing 0.1% bovine serum albumin (pH 7.4) at 37°C with 1.5 ϫ 10 5 cpm 125 IhCG (5 ng, 30 000 cpm/ng). The hCG was iodinated according to the chloramine-T method (33) . The incubation medium was removed after 1 hour of incubation, and the cells were washed twice with 0.4 mL of medium. The amount of radioactivity remaining in the well (cell-bound hormone) was then quantified by ␤-spectrometry. Nonspecific binding was determined by adding excess unlabeled hCG (50 IU/well).
Intracellular cAMP assay
The intracellular accumulation of cAMP was measured using the cyclic AMP EIA kit (Cayman Chemical Co). GCs were cultured in 24-well culture plates containing 5 ϫ 10 5 viable cells per well in 0.5 mL of medium. After 24 hours of cell culture, the cells were treated with reagents for 30 minutes, and then intracellular accumulation of cAMP was measured according to the manufacturer's instructions.
Luciferase reporter assay
Plasmid pGL3-basic is a luciferase vector lacking the eukaryotic promoter and enhancer sequences (Promega Corp). The pGL3-control contains a simian virus 40 promoter and a simian virus 40 enhancer inserted into the structure of pGL3-basic (Promega). The fragment of the 5Ј-flanking region from base pairs Ϫ1389 to Ϫ1 (relative to the translational initiation site), which included the transcriptional regulating region of rat LHR (34), was generated from genomic DNA as described previously (16) . To evaluate promoter activity, these fragments were ligated to a luciferase reporter vector (pGL3-basic) and named LH-R(1389)-Luc. Using FuGENE 6 reagent (Promega), we transfected 200 ng of plasmid DNA into the primary rat GC culture plates (2 ϫ 10 5 cells per 0.5 mL of medium in a 24-well culture plate). To assay the regulatory elements, the GCs were cultured for 24 hours in a hormone-free medium before transfection. Twenty-four hours after transfection, the cells were treated with hormones for 3 hours. The cells were then harvested, and the luciferase activity was measured. The luciferase assay was performed using the dual-luciferase reporter system (Promega), in which the transfection efficiency was monitored by cotransfected pRL-CMVRluc, an expression vector of Renilla luciferase.
Preparation of whole-cell extracts
GCs were cultured in 3.5-mm dishes containing 2.5 ϫ 10 6 viable cells in 2.5 mL of medium, and the reagents were added to the medium after 24 hours of cell culture. After incubation, the cells were washed twice with 0.5 mL of cold buffer (20 mM HEPES and 0.15 M NaCl [pH 7.4]). Then they were lysed in radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease complete inhibitor [pH 7.4]) supplemented with 200 mM NaF and 200 mM sodium orthovanadate for 40 minutes with rotation at 4°C. Lysates were clarified by centrifugation at 20 000 ϫ g for 10 minutes at 4°C and stored at Ϫ80°C.
Preparation of nuclear and cytosolic fractions
GCs were cultured in 60-mm dishes containing 7 ϫ 10 6 viable cells in 5 mL of medium. After 24 hours of cell culture, the cells were incubated with or without inhibitors for 1 hour at 37°C, and then reagents were added to the medium. The cells were washed twice with 1 mL of cold PBS, scraped, and collected by centrifugation at 1500 ϫ g for 3 minutes at 4°C. The pellet was resuspended in freshly prepared cold extraction buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and protease complete inhibitor) and incubated for 15 minutes on ice. After addition of 1% Nonidet P-40, cells were vigorously vortexed for 15 seconds and centrifuged at 500 ϫ g for 3 minutes at 4°C. The supernatants were cytosolic fractions. The pellet containing nuclear extract was washed twice in buffer A. The pellet was then resuspended in extraction buffer B (20 mM HEPES [pH 7.9], 400 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and protease complete inhibitor) and vortexed for 15 minutes at 4°C. The nuclear extracts were obtained from supernatants by centrifugation at 18 000 ϫ g for 15 minutes and stored at Ϫ80°C.
SDS-PAGE and Western blot analysis
Protein lysate (20 -40 g) was resolved on 10% SDS gels and electrophoretically transferred to a polyvinylidene difluoride membrane. After blocking, expression of the different proteins was determined overnight at 4°C with the following antibodies purchased from Cell Signaling Technology: rabbit anti-phospho-CREB ( (Table 1) . After membranes were washed in Tris-buffered saline with Tween 20, they were incubated at room temperature for 60 minutes with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (no. 170-6515, 1:40 000; Bio-Rad Laboratories). The proteins were finally visualized using enhanced chemiluminescence (Immobilon Western; Millipore). Luminescence was quantified by scanning the films with a CCD camera and digitizing the data using NIH ImageJ (version 1.60).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed using the ChIP-IT High Sensitivity Kit (Active Motif) according to the manufacturer's protocol with some modifications. GCs were cultured in 90-mm dishes containing 1 ϫ 10 7 viable cells in 10 mL of medium. After 48 hours of cell culture, the cells were treated with reagents for 1 hour at 37°C. Cells were then fixed with formaldehyde at a final concentration of 1% for 10 minutes at room temperature. After this reaction was stopped, the cells were pelleted, resuspended, and passed through a 26-gauge syringe 30 times to aid nucleus release. Samples were sonicated 20 times, with pulses of 30 seconds on and 30 seconds off, using a Bioruptor (Cosmo Bio Co) set at high power. Chromatin fragments (average size 500 -1500 bp) were used for the ChIP assay with 10 g of a rabbit anti-p65 polyclonal antibody. As a negative control, normal rabbit IgG was used (Santa Cruz Biotechnology). The DNA fragments were analyzed by quantitative PCR according to the manufacturer's instructions using SYBR Green Real-Time PCR Master Mix (Toyobo Co) and an ABI Prism 7000 sequence detection system. The quantitative PCR conditions were initial denaturation at 95°C for 1 minute, followed by 40 cycles of 95°C for 15 seconds and 65°C for 1 minute. The primer sequences were as follows: for rat Lhcgr DNA, the proximal promoter detects 5Ј, Ϫ314 to Ϫ156 nucleotides from the transcription start site with forward primer 5Ј-CCTTGGCAGTGCATAGTTCA-3Ј and reverse primer 5Ј-AGTCCCTGCTTTCCTTGACC-3Ј; the distal primer detects 5Ј, Ϫ2612 to Ϫ2393 nucleotides from the transcription start site with forward primer 5Ј-ACCTTTGGGGGAAAATCTTG-3Ј and reverse primer 5Ј-GGCCTCTGTGGTTTGGTATG-3Ј; and the translated region primer detects 5Ј, ϩ811 to ϩ950 nucleotides from the transcription start site with forward primer 5Ј-AATTCCAGCGGTC-CTTCCAT-3Ј and reverse primer 5Ј-CCCACTGCTGCTTAC-CCTTG-3Ј. The values were corrected using the input values and are presented as percent input.
Data analysis
The data represent the means Ϯ SEM from at least 3 independent experiments. Comparisons between groups were performed by one-way ANOVA. The significance of the differences between the mean values of the control group, and each treated group was determined using a Scheffé multiple-comparison test. A P value of Ͻ.05 was considered significant.
Results
TNF-␣-suppressed FSH-induced LHR mRNA and protein expression
We investigated the effect of FSH and TNF-␣ on LHR mRNA in primary rat GC cultures. GCs were cultured for 24 hours after plating on a cell culture dish, and then the cells were treated with FSH (30 ng/mL) and TNF-␣ (0.1 ng/mL) alone or with FSH and increasing concentrations of TNF-␣ (0.01-1 ng/mL) for 72 hours ( Figure 1A ). FSHinduced LHR mRNA was suppressed in a dose-dependent manner by TNF-␣. LHR mRNA expression induced by treatment with FSH and 0.1 ng/mL TNF-␣ was approximately one-third less than that induced by FSH alone. However, LHR mRNAs were undetected in the GCs incubated with TNF-␣ alone or receiving no treatment. GCs were cultured for 24 to 96 hours in the presence of FSH (30 ng/mL) with or without TNF-␣ (0.1 ng/mL) ( Figure 1 , B and C). LHR mRNA expression has been shown to reach a plateau at 72 hours with FSH treatment (32) . Concurrent treatment with FSH and TNF-␣ significantly suppressed LHR mRNA expression by approximately onethird at 48 and 72 hours, respectively. To measure the effect of TNF-␣ on membrane LHR protein levels, a 125 I-hCG binding assay was undertaken. GCs were cultured in the absence or presence of FSH (30 ng/mL) with or without TNF-␣ (0.1 ng/mL) for 72 hours. Basal-specific LH binding was negligible and remained unchanged in response to treatment with TNF-␣ alone, whereas treatment with FSH produced, as expected, a substantial increase in specific LH binding, and concurrent treatment with TNF-␣ produced a suppressive effect compared with that produced by FSH alone ( Figure  1D ).
TNF-␣ had no effect on intracellular cAMP concentration
It is known that the binding of FSH to its receptor causes cAMP synthesis in GCs (35) . Therefore, we examined whether there was a change in the amount of cAMP with the addition of FSH alone or with FSH and TNF-␣. The data presented in Table  2 show that TNF-␣, either alone or in combination with FSH, had no effect on intracellular cAMP levels.
TNF-␣ suppressed 8-Br-cAMPinduced LHR mRNA and had no effect on the CREB and Akt phosphorylation
It is also known that the actions of FSH to regulate LHR expression are mimicked by cAMP (35) . We next examined the effect of TNF-␣ on the expression of 8-Br-cAMP-induced LHR mRNA. GCs were cultured for 6 to 48 hours in the presence of 8-Br-cAMP (1 mM) with or without TNF-␣ (0.1 ng/mL). 8-Br-cAMP increased the LHR mRNA level, an effect that was suppressed by concurrent treatment with TNF-␣ (Figure 2A) . Furthermore, we confirmed the effect of FSH alone or of FSH and TNF-␣ on the phosphorylation of Figure 2B ) and that maximal phosphorylation of ERK1/2 occurs after 15 minutes (14) . Phosphorylation of CREB, Akt, or ERK1/2 was not detected after exposure to TNF-␣ alone (data not shown). After concurrent treatment of FSH with TNF-␣ (60 minutes for CREB and Akt and 15 minutes for ERK1/2), there was no change in CREB, Akt, or ERK1/2 phosphorylation ( Figure 2C ). These observations suggest that TNF-␣ inhibited the action of FSH at sites distal to cAMP action and did not affect CREB, Akt, and ERK1/2 phosphorylation in GCs.
TNF-␣ suppressed FSH-induced activity of the Lhcgr promoter
To understand the mechanism through which TNF-␣ suppressed FSH-induced LHR expression, we next investigated the effect of TNF-␣ on Lhcgr promoter activity.
Based on a previous study in which the same region of the rat Lhcgr gene was studied and well analyzed (34), we selected the proximal 1389 bp of the 5Ј-flanking region for our experiment. GCs transiently transfected with luciferase-reporting plasmids [LH-R(1389)-Luc] responded to FSH (30 ng/mL) with significantly enhanced activity. Moreover, treatment with TNF-␣ (0.1 ng/mL) degraded the FSH-induced activity of the Lhcgr promoter (Figure 3) .
Effect of TNF-␣ to suppress LHR mRNA expression is mediated by p65 in GCs
It was previously reported that, in several cell types, TNF-␣ activates the IB kinases, and these kinases degrade IB␣ and translocate the NF-B p50/65 heterodimer to the nucleus. We investigated whether TNF-␣ caused p65 translocation to the nucleus in our culture system. Western blot analysis showed that TNF-␣ caused p65 translocation to the nucleus after 30 minutes of exposure press.endocrine.org/journal/endo 3197 ( Figure 4A ), but it was not detected with FSH alone (data not shown). After concurrent treatment of FSH with TNF-␣ for 30 minutes, there was also translocation of p65 to the nucleus ( Figure 4B ). To identify the signal pathways involved in down-regulation of LHR mRNA by TNF-␣, we assessed the effect of SN50 (inhibitor of translocation of the NF-B active complex into the nucleus) by measuring LHR mRNA. GCs were pretreated for 1 hour with SN50 (0.5 g/mL), and the cells were then cultured for 72 hours in the presence of FSH (30 ng/mL) with TNF-␣ (0.1 ng/mL). SN50 suppressed nuclear translocation of p65 ( Figure 4C ) and attenuated the inhibitory effect of TNF-␣ ( Figure 4D ). These results suggest that the effect of TNF-␣ is mediated by p65.
NF-B p65 is recruited to the rat Lhcgr gene proximal promoter by TNF-␣
It was demonstrated that TNF-␣ induced repression of the target gene expression as a result of p65 binding to the gene promoter region (36, 37) . We considered the possibility of p65 recruitment to the 5Ј region of Lhcgr and performed a ChIP assay using chromatin isolated from GCs. As shown in Figure 5 , p65 protein was recruited to the Lhcgr proximal promoter region (Ϫ314/Ϫ156) but not to the Lhcgr distal promoter region (Ϫ2612/Ϫ2393) or the translated region (ϩ811/ϩ950) in response to TNF-␣. Although p65 recruitment to the proximal promotor region tended to increase in the presence of both FSH and TNF-␣, this was not statistically significant com- Western blot analysis, GCs were cultured for 24 hours and then incubated with TNF-␣ (0.1 ng/mL) alone. B, GCs were incubated with TNF-␣ (0.1 ng/mL) alone or with FSH (30 ng/mL) for 30 minutes. C, GCs were pretreated with NF-B translocation inhibitor SN50 (0.5 g/ mL) for 1 hour and then treated for 30 minutes with TNF-␣ (0.1 ng/ mL). The nuclear fraction and cytoplasmic fraction lysates were used to detect p65 levels. Lamin A/C and ␤-tubulin protein served as loading controls. The blots are representative of 3 (A) or 5 (B and C) independent experiments. Relative ratios of p65 to lamin A/C translocation were quantified in the same way as described for Figure  2C . For each treatment, statistically significant differences in protein expression are indicated with asterisks: **, P Ͻ .01; *, P Ͻ .05. D, GCs were pretreated with the NF-B translocation inhibitor SN50 for 1 hour and then treated for 72 hours with FSH alone or with FSH plus TNF-␣. Results show rat LHR mRNA accumulation, relative to that of 18S mRNA, as measured by quantitative RT-PCR. The amount of LHR mRNA with FSH alone was set as 1. Data in the bar graphs represent the means Ϯ SEM from 5 independent experiments. For each treatment, statistically significant differences in mRNA expression are indicated with asterisks: **, P Ͻ .01; *, P Ͻ .05.
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Nakao et al TNF-␣ Down-Regulates LHR Expression Endocrinology, September 2015, 156(9):3192-3202 pared with the control. These results suggest that p65 associated with the Lhcgr promoter region, and this p65 association tended to be attenuated by the presence of FSH.
HDAC inhibitor rescued the effect of TNF-␣ on down-regulation of LHR mRNA
As previously noted, p65 has been recruited by HDAC to repress target gene expression (38, 39) . We assessed the effects of TSA (HDAC inhibitor) by measuring LHR mRNA in rat GCs. GCs were pretreated for 1 hour with TSA (50 nM), and the cells were then cultured for 72 hours in the presence of FSH (30 ng/mL) alone and with TNF-␣ (0.1 ng/mL). TSA enhanced the effect of FSH on LHR mRNA expression approximately 5-fold and counteracted the TNF-␣-induced suppression of LHR mRNA expression ( Figure 6 ). This result supports the idea that HDAC might interact with p65 and suppress promoter activity of the Lhcgr gene.
Discussion
In the present study, we have shown that TNF-␣ inhibited FSH-induced LHR expression without affecting either cAMP production or LHR mRNA stability. TNF-␣ has been shown to induce apoptosis in several cell types, but in our culture system, caspase activity was not activated by TNF-␣, probably because this concentration of TNF-␣ may be sufficient to reduce LHR mRNA expression but not caspase activity (Supplemental Figure 1) . We also demonstrated for the first time that TNF-␣ down-regulated FSH-induced LHR expression through transcriptional activity in immature rat GCs. TNF-␣, through the NF-B signal transduction pathway, repressed Lhcgr press.endocrine.org/journal/endo 3199 transcription, and this might be mediated by the binding of p65 at the Lhcgr promoter region. In the present study, TNF-␣ decreased FSH-induced LHR mRNA expression and LHR protein in a dose-and time-dependent manner. We examined whether there was a change in the intracellular cAMP accumulation in the presence of TNF-␣. Table 1 shows that FSH-induced cAMP accumulation was not changed by the addition of TNF-␣. The actions of FSH to regulate GC differentiation and LHR expression are mimicked by cAMP and are dependent on the protein kinase A pathway (40, 41) . Therefore, we examined the inhibitory effect of TNF-␣ on 8-BrcAMP-induced LHR mRNA expression and found it to be similar to its effect on FSH-stimulated LHR mRNA expression (Figure 2A ). In addition, because CREB, Akt, and ERK1/2 are potential downstream targets of cAMP action and affect the expression of many cAMP-responsive genes, including some steroidogenic genes (13, 42, 43) and are also potentially activated by TNF-␣ (44), we evaluated CREB, Akt, and ERK1/2 phosphorylation after treatment with FSH and TNF-␣. FSH, but not TNF-␣, induced CREB, Akt, and ERK1/2 phosphorylation, and concurrent treatment with both FSH and TNF-␣ did not affect the FSH-induced phosphorylation ( Figure 2C ). These results support the fact that the FSH-induced cAMP activation that caused CREB, Akt, and ERK1/2 phosphorylation was not affected by TNF-␣.
Previously, it was reported that 3 Sp1 (11), SF1, and T-cell factor binding sites (12) upstream of the proximal 5Ј-flanking region of rat Lhcgr probably play an essential role in LHR transcription. Therefore, we measured luciferase activity using LHR promoter constructs containing these binding sites (34) . The luciferase assay revealed that FSH enhanced the activity of the 1389-bp LHR 5Ј-flanking region, an effect significantly suppressed by TNF-␣ treatment (Figure 3) . We also studied LHR mRNA stability using actinomycin D (15) , and TNF-␣ treatment did not affect the rate of LHR mRNA degeneration (Supplemental Figure 2 ). These data suggest that TNF-␣ inhibited the action of FSH at the transcriptional level.
NF-B regulates transcription of various genes by directly binding to the DNA binding domain, and the major form of NF-B is a heterodimer of the p65 and p50 subunits. To determine whether NF-B translocation is essential for the inhibitory action of TNF-␣, we evaluated the effect of the NF-B translocation inhibitor SN50 in our GC culture system. SN50 incompletely, but significantly, blocked the effects of TNF-␣ on FSH-induced LHR mRNA expression ( Figure 4D ). These results support the idea that the inhibitory effect of TNF-␣ is due to NF-B translocation from the cytosol to the nucleus.
The Lhcgr proximal promoter sequence has several essential binding sites but no consensus NF-B binding site. However, some reports indicated that transcriptional regulation by NF-B did not require binding sites but instead required a protein-protein interaction. For example, NF-B repressed renin gene transcription by interacting with the cAMP-responsive element (5), type I collagen gene transcription by interacting with Sp1 and Sp3 (7), and P450c17 gene transcription by interacting with SF1 (9) . We also investigated the association of p65 with the Lhcgr promoter in GCs in the presence or absence of TNF-␣ treatment, using ChIP assays that showed TNF-␣-induced recruitment of p65 to the LHR proximal promoter but not to the distal promoter ( Figure 5 ). These results suggest that the p65 protein associates with the proximal promoter region of Lhcgr, essential for LHR expression, in the presence of TNF-␣. Because the exact promoter region is not yet identified, we cannot clarify the mechanism of action of p65, but we speculate that this protein might facilitate assembly of transcriptional corepressors and interfere with the promoter activation induced by FSH.
Histone modifications have been recognized as important mechanisms in the regulation of target gene expression. HDAC is thought to induce tight connections at local chromatin structures and repress gene transcription. It has been reported that activated NF-B translocates to the nucleus and forms the NF-B-HDAC complex, which induces the repression of gene expression (38, 39) . Therefore, we assessed the effect of the HDAC inhibitor TSA on the TNF-␣-mediated inhibition of LHR mRNA expression. Although TSA did not affect LHR mRNA expression in the absence of FSH, TSA enhanced the effect of FSH on LHR mRNA expression approximately 5-fold. In addition, TNF-␣ inhibited FSH-induced LHR mRNA expression, and this effect was diminished in the presence of TSA ( Figure 6 ). Furthermore, because the presence of TSA enhanced the action of FSH on LHR mRNA expression, the Lhcgr gene might be sensitive to the degree of histone acetylation in chromatin. With respect to human Lhcgr, an approximately 40-fold induction was reported in the presence of TSA without a stimulant (45) . These data suggest that for Lhcgr gene expression, recruitment of HDAC may contribute to FSH action and the TNF-␣-mediated inhibition.
Healthy follicular maturation and ovulation require appropriate interactions between gonadotropins and several local ovarian factors. During follicle selection in the ovary, with the exception of 1 dominant follicle, follicular growth is arrested. Although the exact mechanisms of this process are not yet known, it has been shown that the atretic process begins with apoptotic cell death in the gran-ulosa, and local TNF-␣ is suspected to be involved in the apoptosis of GCs in atretic follicles (46) . In earlier follicle stages, it has been suggested that TNF-␣ protects immature follicles from the effect of gonadotropins by means of inhibitory effects on the expression of gonadotropin receptors. These inhibitory effects might be important for the maintenance of follicles for future ovulations (20, 21) . Our investigation suggests that NF-B p65 plays an important role in the epigenetic regulation of pathophysiological processes responsible for the effects of TNF-␣, including those on LHR expression. Thus, TNF-␣-induced epigenetic alteration may potentially be involved in follicle selection and follicle development and protection.
Based on our observations, we speculate that cross talk of p65 exists between the specific intracellular signaling pathways triggered by TNF-␣ and FSH. However, verification of the interaction of p65 with other transcriptional factors has not yet been established. In this study, we demonstrated that TNF-␣ reduced FSH-induced LHR mRNA and protein expression by suppressing gene transcription, but it did not influence cAMP accumulation. We also found that p65 was involved in the regulation of LHR transcriptional activity in rat GCs.
